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. Crude extracts of B. subtilis wild-type strain JH642 were obtained from cultures in exponential phase of growth and incubated with the labeled probes. The amounts of extract used in each lane were 0.5, 1, 2, 3, 4, and 5 g for lanes 2 to 7, respectively, and 2 and 5 g for lanes 9 and 10, respectively. The migration of the free probes without protein addition is shown in lanes 1 and 8. (C) FapR-His6 was overexpressed in E. coli and purified as described in Experimental Procedures. The labeled DNA fragments described in (B) were incubated with the purified protein and the mobility assayed. The amount of protein used in lanes 2 to 5 were 0.5, 1, 2.5, and 5 g, respectively, and 0.5, 2.5, and 5 g in lanes 7 to 9, respectively. The migration of the free probes is shown in lanes 1 and 6. The arrows indicate the migration of the probe interacting with the protein.
how other genes involved in lipid biosynthesis in B. subis induced in response to inhibition of fatty acid biosynthesis (Schujman et al., 2001). The promoter region of tilis are regulated. fabHAF (PfabHAF) contains a 17 bp inverted repeat (FigTo identify B. subtilis genes regulated by the activity
ure 1A), and we therefore attempted to determine if of the fatty acid biosynthetic pathway, we performed this dyad symmetric element was the binding site of a DNA microarray analysis comparing RNA of wild-type putative regulatory protein. To this end, we performed cells treated with specific inhibitors of fatty acid syntheband shift assays with crude extracts obtained from the sis to RNA from untreated control cells. Our results indiwild-type strain JH642. After confirming that the crude cate that ten genes, contained in five different operons, extract obtained was able to shift the mobility of a 300 coding for proteins involved in fatty acid and phosphobp DNA fragment carrying the PfabHAF region, but not lipid metabolism are induced in response to inhibition the mobility of a version of PfabHAF containing a deleof fatty acid synthesis. tion of the palindromic sequence extending from posiWe isolated a protein from crude extracts of B. subtilis tion -73 to -56 ( Figure 1B ), we used this gel shift assay cells that is able to bind a fragment of DNA containing to monitor the purification of the putative regulator. To the regulatory region upstream from one of the operons purify the protein associated with binding, we used a responsive to fatty acid deprivation. This protein, FapR modification of the procedure described by Jourlin-(fatty acid and phospholipid biosynthesis regulator), is Castelli et al. (2000) to purify DNA binding proteins. In a negative regulator of itself and of genes involved in brief, DNA carrying the PfabHAF was bound to streptavifatty acid and phospholipid biosynthesis. In vitro, it din-coated magnetic spheres, and partially purified probinds directly to a regulatory site found upstream of all teins fractions, which retained the ability to shift the of these genes. In toto, our results provide evidence PfabHAF region, were applied to these magnetic for a novel mechanism for global control of membrane spheres (see Experimental Procedures). After thorough biogenesis in which the FapR regulator couples the stawashing, one or more proteins able to bind the PfabHAF tus of fatty acid biosynthesis in the cells with the expreswere eluted with 500 mM NaCl. ., 2001 ). The transcription of this operon significantly higher than in a fapR ϩ isogenic strain (Figure 3A) . Moreover, when the fapR gene was provided in trans into fapR null mutants, expression of the PfabHAF lowered to levels similar to the wild-type strain (data not shown). These experiments, together with those showing that the FapR-His6 protein was able to shift the mobility of a DNA fragment carrying the PfabHAF region, suggest that FapR acts negatively on fabHAF transcription and that its effect is exerted by binding directly to PfabHAF.
It is worth noting that upregulation of fabHAF transcription in the fapR deficient strain is similar to the selective response of this operon, in a wild-type strain, to inhibitors of fatty acid synthesis such as cerulenin or triclosan (Schujman et al., 2001 ). Moreover, in the fapR strain, no additional derepression of fabHAF was observed after the addition of either cerulenin or triclosan 
Lipid Synthesis
To see if other genes involved in lipid synthesis, in addition to fabHA and fabF, are upregulated in response to To determine if YlpC binds to PfabHAF, we first coninhibition of fatty acid synthesis, we compared the whole structed a His-tag version of YplC and used it to purify transcriptome of cells treated with either cerulenin or YlpC-His6 from E. coli by affinity chromatography. The triclosan. To this end, the wild-type reference strain binding of purified YlpC-His6 to PfabHAF was tested by (JH642) was grown until early exponential phase and mobility shift assays ( Figure 1C) . The YlpC-His6 protein then divided into three samples. One sample was treated was able to shift the mobility of the DNA fragment carwith cerulenin, the second one was treated with triclorying the PfabHAF region but not the mobility of Pfabsan, and the third sample remained untreated. The cul-HAF lacking the palindromic sequence extending from tures were grown for 40 min and the genomic expression position -73 to -56 ( Figure 1C ). These data directly demprofiles of the samples were analyzed using DNA mionstrate that YlpC-His6 binds to the PfabHAF promoter croarrays containing 4074 of the 4106 protein coding and strongly suggest that the dyad symmetric element genes of B. subtilis (see Experimental Procedures). As is essential for binding activity. Thus, based on the localexpected from our previous results, the amount of RNA ization of ylpC in a lipid biosynthetic gene cluster and from the fabHAF operon and the fabHB gene, which the ability of its gene product to bind to PfabHAF, we code for the three B. subtilis condensing enzymes (Fighave named this gene fapR for fatty acid and phosphoure 4A), increased upon block of fatty acid synthesis lipid regulator. (Table 1) . Notably, RNA from fapR, identified here as a negative regulator of the fabHAF operon, was also induced by fatty acid deprivation. In addition to the Deletion of fapR Leads to Defects in Cell Growth above-mentioned genes, another seven genes coding and to Constitutive Expression of the fabHAF for proteins with similarity to enzymes involved in fatty Gene Cluster acid and phospholipid synthesis were significantly inWe disrupted the fapR gene with a chloramphenicol duced in the presence of cerulenin and triclosan (Table  resistance cassette, which provides read-through tran-1). The products of two of them (yhdO and plsX) have scription to maintain the expression of the essential downa putative function in the transacylation of long chain stream genes, required for fatty acid synthesis. In defined acyl-ACPs to glycerol-1-phosphate ( Figure 4A ). The glucose minimal medium, the fapR mutant was viable product of the yhfC gene is of unknown function but it is at 37ЊC, although the generation time ‫451ف(‬ min) was immediately divergent to fabHB. The other upregulated significantly longer than that of wild-type strain ‫68ف(‬ genes are fabD, coding for malonyl-CoA:ACP transacymin). However, the shift of exponentially growing cultures lase (Morbidoni et al., 1996) , and fabI and fabG, which of fapR cells from 37ЊC to 15ЊC resulted in a profound code for 3-ketoacyl-ACP-reductase ( 
cultures (Figure 2). This dramatic reduction in viability
We confirmed the data obtained by the transcriptome during cold-shock could be relieved by expression of a analysis, determining that the ␤-galactosidase activities wild-type copy of the fapR gene into fapR-deficient cells of strains bearing lacZ fusions to the promoter regions ( Figure 2 ). The severe cold-sensitive phenotype of fapR of the fapR, fabI, and yhdO genes were significantly null mutants is probably due to alterations in the memelevated after the addition of cerulenin or triclosan to brane fatty acid composition that are described below. the culture medium (data not shown). These data demonstrate that the inhibition of fatty acid biosynthesis In the fapR null mutant, expression of fabHAF was triggers increased transcription of at least ten genes encoding for key enzymes of the fatty acid and phospholid biosynthetic pathway.
As FapR acts negatively on transcription of fabHAF, we determined whether the fapR null mutation was able to derepress other genes controlled by fatty acid starvation. Figure 3B displays the results of these experiments, in which the expression of fabHB-lacZ and fapR-lacZ reporter was measured. These experiments demonstrate that the inactivation of fapR derepresses the expression of fabHB-lacZ and fapR-lacZ ( Figure 3B ). No additional derepression of these transcriptional fusions was obtained after addition of cerulenin (data not shown). Also, the levels of FabF and YhdO proteins in fapR ϩ and fapR cells were determined by immunodetection and quantification. Consistent with the operon fusion analysis, these experiments demonstrate that inactivation of fapR resulted in approximately 5-fold increase of the FabF and YhdO proteins ( Figure 3C ). The effect of a fapR deletion on the activity of the fatty acid synthase of B. subtilis was determined in vitro. We found that extracts from fapR cells possessed a fatty acid synthase activity that was about 5-fold higher than those of wild-type cells (data not shown).
To determine whether the negative effects of FapR on yhdO and fapR operon expression might be a result of a direct binding to these gene promoters, gel shift assays were performed using radiolabeled fragments with sequences of the putative yhdO and fapR promoter regions and purified FapR-His6 integrated isotopically in a strain bearing a fabHAF-lacZ gene, during inhibition of malonyl-CoA synthesis ( Figure  5B ). However, in a fapR background derepression of the fusion. In this strain, the basal transcription of fabHAF was almost completed eliminated when cells were fabHB gene was not significantly affected when accBC expression was blocked ( Figure 5B ), confirming that grown in the absence of xylose ( Figure 5A ). As expected, the upregulation of fabHAF in the presence of cerulenin FapR is responsible for the potent transcriptional inhibition of the fap genes when the levels of malonyl-CoA was greatly decreased when the levels of malonyl-CoA were depleted in xylose-deprived cells ( Figure 5A ). Simiare reduced. These data strongly support the hypothesis that FapR responds directly or indirectly to the intracellar results were obtained when we monitored transcription of another member of the fap regulon, the fabHB lular levels of the malonyl-CoA pool. Cells were grown in Spizizen minimal medium with glucose as carbon source at 37ЊC to an OD 600 of 0.5. Total lipids were extracted and transesterified to yield fatty acids methylesters. The fatty acids methylesters were subjected to gas chromatography-mass spectrometry analysis. The methylesters were Iso-C 14:0 , 12-methyltridecanoic; n-C 14:0 , n-tetradecanoic; Iso-C 15:0 , 13-methyltetradecanoic; Anteiso-C 15:0 , 12-methyltetradecanoic; n-C 15:0 , n-pentadecanoic; Iso-C 16:0 , 14-methylpentadecanoic; n-C 16:0 , n-hexadecanoic; Iso-C 17:0 , 15-methylhexadecanoic; Anteiso-C 17:0 , 14-methylhexadecanoic; n-C 17:0 , n-heptadecanoic; Iso-C 18:0 , 16-methylheptadecanoic; n-C 18:0 , n-octadecanoic. Gram-Positive Species The effect of fapR deletion on the production of the FapR is highly conserved in many gram-positive organmajor fatty acids of B. subtilis was determined. In a isms sequenced to date. The gene was found in all the fapR ϩ strain, the ratio of long chain fatty acids (LCFA; species of the Bacillus, Listeria, and Staphylococcus chain length of C16, C17, and C18) to short chain fatty genera and also in Clostridium difficile and other related acids (SCFA; chain length of C14 and C15) was 0.58 genera (Figure 6 ), but was not detected in gram-negative (Table 2) . However, a fapR-deficient strain produces significantly more LCFA, increasing the ratio LCFA/SCFA bacteria or other gram-positive genera. It is noteworthy Western Blot Analyses and ␤-Galactosidase Assays Western blot analyses were performed as previously described the promoter region of genes yhdO, fabHA, fabI, and fapR were constructed using plasmids pDG1728 or pJM116. The fusions were (Schujman et al., 2001 ). YhdO and FabF antibodies were used at a dilution of 1:1000. Proteins were detected using AP-conjugated antiintegrated by a double event of recombination in the nonessential amyE locus. fabHB-lacZ fusion was constructed and integrated isorabbit secondary antibodies (BioRad). ␤-galactosidase specific activity (⌬A 420 per min per ml of culture ϫ topically using plasmid pMUTIN4. fapR strain was obtained replacing 364 bp of the 5Ј extreme of the gene with the cat cassette from 1000/A 525 ) was determined as described (Miller, 1972) after pelleting cell debris. plasmid pJM105B. Complementation of fapR strains was achieved by transformation of the strains with the low copy number plasmid pHPKS containing the fapR gene and its promoter region (pHPKSFatty Acids Analysis and Fatty Acid Synthase Assays fapR).
Lipids were extracted and fatty acids converted to their methyl esters with sodium methoxide (Aguilar et al., 1998) . The methyl esters were separated in a Perkin-Elmer Turbo mass gas chroPrimer Extension matographer-mass spectrometer, equipped with a PEG column, and Strain JH642 was grown in LB medium until midexponential phase.
analyzed with Perkin-Elmer TurboMass software. Each fatty acid RNA was isolated using RNeasy Mini-columns (Qiagen). Primer exwas identified by comparing its mass spectrum with those obtained tension was performed essentially as described (Aguilar et al., 1999) from methyl esters of fatty acid standards (Sigma). using 15 g RNA/reaction and a primer with 5Ј end at position 23
Fatty acid synthase was measured in vitro as described (Schujman relative to the A of the fabHA AUG start codon. et al., 1998). 
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